This letter presents an experimental setup to probe the interdiffusion of various miscible and nonreacting liquids. A Raman confocal microscope allows us to image the local concentrations of two coflowing liquids in a microchannel. These steady-state measurements provide precise quantitative information about the kinetics of the interdiffusion process. For all the pairs of fluids investigated, we found this process to follow a classical diffusive scaling law with a interdiffusion coefficient D that depends on both liquids. © 2005 American Institute of Physics. ͓DOI: 10.1063/1.1873050͔
It has recently been shown that microfluidic systems can be used to measure the diffusion coefficients of fluorescent probes and the kinetic rates of their production by a complexation reaction.
1-4 However, fluorescence-based techniques cannot be applied systematically, as reactants and products may not necessarily have intrinsic fluorescent properties. Moreover, these techniques cannot be used to characterize the interdiffusion of two pure liquids since fluorescence microscopy requires the addition of dyes.
Our objective is to develop an alternative method based on Raman spectroscopy for the analysis of reaction-diffusion dynamics. Confocal Raman imaging is a nonintrusive technique that can give the local concentrations of chemical species by scanning a sampling volume of a few micrometers in size throughout the entire system. 5, 6 Raman spectroscopy is already routinely used in chemical analysis, and has recently been coupled to microfluidics. [7] [8] [9] In this letter, we carry out the analysis of interdiffusion of pure liquids by coupling Raman imaging and microfluidics, on quantitative grounds. Figure 1 schematically displays the setup used throughout our experiments. The silicon-glass microdevice ͑Protron Mikrotechnik, Germany͒ is a Y-shaped system that collects two fluids and drives them into the main channel. The liquids of interest ͑A and B͒ are injected at a same constant flow rate ͑typically Q =1 L / min͒ in the two arms of the chip using a syringe pump. The main channel is w = 500 m wide and d =40 m high, giving an aspect ratio that ensures a velocity profile which is almost everywhere Poiseuille-type across the channel height. 10 At these small length scales and for the fluid velocities investigated ͑1-5 mm/s͒, the flow is laminar, and the liquids mix by molecular diffusion.
Raman spectra at a given location ͑x , y , z͒ in the microchannel were recorded using a confocal Raman microscope ͑LabRam HR, Jobin-Yvon͒, as depicted in Fig. 1 . The sample is illuminated by radiation from an argon-ion laser ͑ = 514.532 nm͒. Backscattered light is collected by the objective, and a grating disperses the Raman spectrum onto a charge-coupled device. The local concentrations of the fluids could be probed from the intensities of nonoverlapping Raman bands specific to each liquid. 5, 6 Concentration maps were then obtained using x-y-microactuators to displace the microchannel under the microscope objective. Figure 2 summarizes the results obtained in the case of chloroform and methylene chloride ͑liquid A and B, resp.͒. These two miscible fluids display different vibration modes at 2 ͑a 1 ͒ = 667 cm −1 and 3 ͑a 1 ͒ = 699 cm −1 respectively, 11 and were injected at a same constant flow rate in the arms of the device. Raman spectra were recorded at each point of a 50ϫ 50 grid centered on the main channel. Acquisition times range between 0.5-1 s per spectrum, allowing the acquisition of an image in less than 1 h. Figures 2͑b͒-2͑d͒ display the spectra measured at three distinct locations in the channel using a 10ϫ magnification objective ͑NA= 0.25͒. The geometry of the sampling volume is 2r Ϸ 1.25 m and 2a ӷ d ͑the confocal aperture is 300 m, cf. Fig. 1͒ . In this case, the Raman spectra are averaged over the height of the channel, yielding 2D-concentration maps. 12 Figures 2͑b͒ and 2͑d͒ correspond to the Raman spectra of pure chloroform and methylene chloride respectively, and . This sum is almost equal to unity at each point in the microchannel, as is expected if the volume is conserved during diffusion. It also demonstrates that the two diffusion processes ͑A into B and vice versa͒ must be viewed as a single phenomenon, as it is the case for a binary mixture.
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In order to account for our results, let us first consider the case of the interdiffusion of two fluids ͑A and B͒ having the same viscosity and density, and an interdiffusion coefficient D that does not depend on the concentration. If the fluids are injected at a same flow rate in a Y-shaped device with a high aspect ratio, it can be shown that the normalized concentration A ͑x , y͒ varies as 1,10
where ͑x͒ = ͱ Dx / v, v is the mean velocity in the main channel, erf stands for the error function, and B ͑x , y͒ =1 − A ͑x , y͒. Microfluidics is thus an interesting tool to investigate such phenomena since it allows one to probe a large dynamical range by controlling v.
For the present case of two fluids of different viscosities, Eq. ͑1͒ cannot account for the observed assymmetry of the diffusion zone along the y-axis ͑Fig. 3͒. To model the observed assymmetry, we tried to fit our data with the following similar formulas
where both ͑x͒ and y m ͑x͒ are free parameters that depend on x, and correspond, respectively, to the width and center of the diffusion zone at a given x position. In this approach, the center of the diffusion zone is not located at y =0 ͓see Eq. ͑1͔͒, but becomes a function of x. Equation ͑2͒ nicely fit both concentration maps ͓related by B ͑x , y͒ =1− A ͑x , y͔͒, as illustrated by Figs. 3͑d͒ and 3͑e͒ for two specific x positions. Figure 3 shows that y m ͑x͒ increases up to a maximum of about 35 m at a distance x Ϸ 500 m. This effect is due to the viscosity difference between the two liquids. Indeed, downstream the entrance length of the channel ͑Ϸw͒, and before the two fluids have significantly interdiffused, the widths w A and w B of the two incoming streams are related by
1 It is worth mentioning that neither the velocity profile, nor the viscosity, are uniform along the y-direction, since the ratio of the mean velocities of the streams is given by v A / v B Ϸ B / A . 1 In the case displayed in Figure 4 displays the fitted ͑x͒ for these liquids interdiffusing with chloroform at various flow rates. Remarkably, when ͑x͒ 2 is plotted versus = x / v, where v =2Q / dw is the mean velocity in the channel, all points relative to a given fluid, collapse on the same curve, and one observes that 2 ϳ , as is expected in simple diffusion processes where viscosity effects are absent. This result is not straightforward. Indeed, the velocity profile is not uniform along the y-direction due to the viscosity difference between the liquids. For the fluids investigated, ʈv A − v B ʈ / v ranges between 0.2 and 1.7 and thus cannot be neglected. When diffusion occurs, the velocity profile tends to flatten out in the y-direction. However, despite the complexity of the velocity profile along the y axis, Fig. 4 suggests that the viscosity To conclude, we have proposed a method, using Raman confocal microscopy and microfluidics, to probe the interdiffusion process of pure liquids, and to estimate quantitatively their interdiffusion coefficient. This approach should prove useful for probing the interdiffusion of more than two liquids and for situations where chemical reactions are simultaneously occuring. Such measurements are difficult to perform using conventional methods, and we believe that Raman spectroscopy offers new perspectives by imaging simultaneously several chemical species.
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